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ABSTRACT
Analysis of large-eddy simulation data of the ocean mixed layer under convection reveals that the con-
tribution from wind stress decreases with time as a result of inertial oscillation in the extratropical ocean and
that it leads to a rapid increase of the bulk and gradient Richardson number at the mixed layer depth. The
criteria for the mixed layer deepening in the widely used mixed layer models, such as the Niiler–Kraus (NK)
model, the Price–Weller–Pinkel (PWP) model, and the K-profile parameterization (KPP) model, are ex-
amined in view of these results, and its implication on the model predictability is discussed.
1. Introduction
The bulk models of the ocean mixed layer usually
calculate the growth of mixed layer depth (MLD) based
on a certain criterion at the MLD. In particular, this
approach is effective in dealing with the mixed layer
deepening under convection, in which the mixed layer
remains well mixed.
For example, Niiler and Kraus (1977, hereafter NK)
suggested that the entrainment velocity of the mixed
layer deepening we(5dh/dt) can be predicted from the
formula for the buoyancy flux at the MLD (z 5 2h),
bw
h
(5weDB), such as
bw
h
5 nQ
0
1 2m
0
u3*/h1mswe(DU)
2/h, (1)
where u
*
is the frictional velocity, Q0 is the negative sur-
face buoyancy flux, B(U) is the mean buoyancy (velocity)
in the mixed layer, and DB(DU) is its jump at z 5 2h.
Davis et al. (1981b) suggested optimum values for the
empirical constants as n5 0.21,m05 0.39, andms5 0.48.
The last term, which represents the contribution from ve-
locity shear at theMLD, is often neglected (Gaspar 1988).
Alternatively, Price et al. (1986, hereafter PWP) sug-
gested that the deepening of the MLD is determined by
the condition that the gradient Richardson number de-
fined by
Ri
g
5
›B/›z
›U/›zj j2 (2)
and the bulk Richardson number defined by
Ri
b
5
hDB
DUj j2 (3)
remain constant at the MLD. A modified form of Rib is
used by Large et al. (1994) in the K-profile parameteri-
zation (KPP) model such as
Ri
b
*5
hDB
DUj j21V2t
, (4)
where Vt
2 represents the contribution from the unre-
solved shear that becomes important when the mean
velocity disappears.
Meanwhile, it has been well known that the resonant
wind forcing (i.e., the wind that rotates at the inertial
frequency) induces much stronger mixed layer deepen-
ing by building up momentum within the mixed layer,
compared to the off-resonant wind forcing (Skyllingstad
et al. 2000; Large andCrawford 1995; Crawford andLarge
1996). The resonant wind forcing is equivalent to the
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constant wind forcing in the equatorial ocean, so one can
expect that the effect of wind forcing is much stronger for
the mixed layer deepening in the equatorial ocean than
in the high-latitude ocean, when a constant wind stress is
applied. It is not clear, however, whether these effects
are properly represented in the criteria (1)–(4).
Recent progress of large-eddy simulation (LES) of the
ocean mixed layer (e.g., Sullivan et al. 2007; Noh et al.
2004; Skyllingstad et al. 2000) allows us to examine the
hypotheses used in oceanmixed layer models. Therefore,
in the present paper we examined the criteria in widely
used models (1)–(4) by analyzing the LES data. Espe-
cially we focused on the role of wind forcing during the
deepening of the convective mixed layer and its depen-
dence on latitude.
2. Simulation
The LES model used in the present simulation is the
same as used inNoh et al. (2004; 2009) inwhich Langmuir
circulation (LC) is realized by the Craik–Leibovich
vortex force (Craik and Leibovich 1976) and wave break-
ing is represented by stochastic forcing. The model do-
main is 300 m in both horizontal directions and 80 m in
the vertical direction with a uniform grid size of 1.25 m
along all directions. A free-slip boundary condition is
applied at the bottom.
Integration was initiated by applying a negative sur-
face buoyancy flux and wind stress to a motionless fluid.
The initial density was uniform down to z 5 10 m and
was linearly stratified below with N2 5 1024 s22. A se-
ries of experiments was performed with various combi-
nations of u
*
5 0, 0.01, and 0.02 m s21 and Q0 5 1.25,
2.5, and 5 3 1027 m2 s23, covering a range of heat flux
100–1000 W m22 and latitudes f 5 08, 308, and 558N.
The conditions for present simulations are similar to those
in the one-dimensional mixed layer model experiments
(Martin 1985; Large et al. 1994;D’Alessio et al. 1998;Noh
and Kim 1999). Both cases with and without LC were
simulated to examine its effect.
In the analysis of LES data, h is calculated by the depth
of the minimum bw. Also, DB and DU are calculated by
FIG. 1. Time series of n* [blue (green): f5 08N; black (no): f5 308N; and red (orange): f5 558N for
without (with) LC]. The time corresponding to p/f is marked by an arrow for each experiment. Dotted
horizontal lines represent n* 5 0.17: (a) u* 5 0 m s21 (light color: Q0 5 2.5 3 10
27 m2 s23; dark color:
Q05 53 10
27 m2 s23), (b)u*5 0.01 m s21 andQ05 2.53 10
27 m2 s23, and (c) u*5 0.02 m s21 andQ05
5 3 1027 m2 s23.
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the difference between the value averaged over themixed
layer and that at the MLD where bw disappears.
3. Results
a. Examination of the criteria at the MLD
To estimate the efficiency of entrainment, we calcu-
lated the time series of n* (5bwh/Q0; Fig. 1). Here, n*
is calculated from the variation of potential energy, fol-
lowing Ayotte et al. (1996). In free convection, in which
n* is equivalent to n, it approaches a constant value n ﬃ
0.17 after the initial stage, regardless of Q0 and the
Coriolis parameter f (Fig. 1a). The value of n is consis-
tent with that suggested for the convective boundary layer
(n ; 0.1–0.3; Stull 1986), although it is slightly smaller
than the value n5 0.21 used in the NK model. Here, n*
reaches a constant value after about 10h/w*(;73 103 s)
withw*5 (Q0h)
1/3, which corresponds to the time scale for
the convective boundary layer to reach quasi-equilibrium
state (Moeng and Sullivan 1994).
It has been suggested that free convection is sup-
pressed by the Coriolis force, if Ro f5 [Q0/( f 3h2)]1/2g
becomes smaller than one (Denbo and Skyllingstad 1996;
Raasch and Etling 1991; Wang 2003). Its effect is neg-
ligible, however, in shallow convection as in the present
case where Ro is much larger than one.
In the presence of wind stress, however, the evolution
of n* follows very different patterns depending on lati-
tude (Figs. 1b,c). When f5 08, the value of n* continues
to increase, until it reaches a critical level. Thereafter, n*
ceases to increase and instead shows an oscillating pattern.
This oscillation is due to the generation of intermittent
FIG. 2. Evolution of vertical profiles of S2 with time (Dt 5 2 h; u* 5 0.02 m s21; Q0 5 5 3
1027 m2 s23; without LC): (a) f 5 08N and (b) f 5 558N.
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turbulence at the MLD by the buildup of shear beyond
a critical level, as is often observed in the stable boundary
layer (e.g., Mahrt 1999; Doran 2004).
On the other hand, when f5 308 or 558N, although it
increases initially in a similar fashion to the case of f 5
08, n* starts to decrease after t ; p/2f and ultimately
approaches a value indistinguishable from that in free
convection. It implies that the contribution from wind
forcing to the mixed layer deepening vanishes when t
p/f, as a result of inertial oscillation. The situation is
similar to the LES results by Skyllingstad et al. (2000), in
which off-resonant wind stress produces much slower
mixed layer deepening than resonant wind stress.
Figure 1 also shows that the presence of LC causes no
noticeable difference. It implies that the vertical mixing
is dominated by convective eddies in the present simu-
lation, even though the distinctive pattern of LC is found
in the velocity field, as expected from the simulation
conditions Lat[5(u*/Us)
1/2] 5 0.45 and Ho[52Q0/
(kUsu*
2)] 5 0.26 (Fig. 1b) or Lat 5 0.64 and Ho 5 0.13
(Fig. 1c), where Us is the Stokes velocity at the surface
and k is the wavenumber (Li et al. 2005).
The evolution of vertical profiles of velocity shear
S2 5 j›U/›zj2 clearly identifies the effect of inertial os-
cillation (Fig. 2). Here, the depth of the maximum S2
coincides with the MLD because of strong convective
FIG. 3. Time series of Richardson numbers and ms at the MLD [u* 5 0.02 m s
21 and Q0 5 5 3
1027 m2 s23; blue (green): f5 08N; black (no): f5 308N; red (orange): f5 558N for without (with) LC].
The time corresponding to p/f is marked by an arrow for each experiment: (a) ms, (b) Rig, (c) Rib, and
(d) Rib*.
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mixing within the mixed layer. When f5 08, S2(z52h)
continues to increase until it reaches the oscillating stage
(t ; 10 h). Conversely, when f 5 558N, S2(z 5 2h)
initially increases until t;p/2f, then decreases thereafter,
because the current velocity rotates from the direction
of wind stress because of inertial oscillation. Although
S2(z 5 2h) increases again at t . p/f, its magnitude is
much smaller than the first peak because of the increased
MLD.
To be consistent with this result (Figs. 1b,c),m0 in (1)
should be 0, contrary to the NK model, because u
*
does
not vanish with time. It contrasts with the atmospheric
boundary layer in whichm0 remains constant during the
convective growth, regardless of latitude (Moeng and
Sullivan 1994; Driedonks 1982; Noh et al. 2003).
Meanwhile, ms in (1) need not be 0, because DU goes
to 0 too. An evaluation of ms in (1), with n 5 0.17 and
m05 0, shows that the last term properly parameterizes
the effect of velocity shear at theMLD (Fig. 3a), although
large fluctuations occur at t p/f, as both bw
h
 nQ
0
andwe(DU)
2/h approach 0. The value ofms is close to that
suggested in the NK model (ms ﬃ 0.48).
It is expected that the disappearance of S2(z52h)may
affect the valuesRig andRib at z52h. Figures 3b–d show
the variation of Rig, Rib, and Rib* at z52h. Until t; p/f,
bothRig andRib remain constant.When t.p/f, however,
they increase rapidly, eventually achieving very large
values. Although they return to smaller values again after
t ; 2p/f, the values are much larger than the original
critical values. On the other hand, Rib* avoids a rapid
increase at t . p/f, because the presence of the term Vt
2
suppresses the sharp increase of Rib* even in the absence
of S2(z 5 2h). Even if Rib* is evaluated at the depth at
which bw disappears below h, as it is usually done in the
KPP model, it still remains invariant with time at a
slightly larger value.
It is also found that the general feature, shown in Figs.
1–3, remains largely invariant regardless of u
*
and Q0
(Fig. 4). The values of n* remain larger than n at t. p/f
for large u
*
and small Q0, but this is attributed to the
large magnitude of we(DU)
2/h, rather than u
*
3/h, in (1).
b. Effects of the criteria on the predictability of MLD
In the real ocean, wind stress and surface heat flux un-
dergo complex variation. Nonetheless, the present simu-
lation results strongly suggest that the mean contribution
fromwind forcing becomes smaller at high-latitude ocean,
because there the time scale of wind stress is usually much
longer thanp/f (see, e.g., Davis et al. 1981a; Gill 1982; Qiu
et al. 2004). It implies that the criterion (1) can cause an
overestimation of MLD at high latitudes, whereas the
criteria (2) and (3) can cause an underestimation.
Indeed the model results at the ocean station Papa
(f 5 508N) reveals that, during winter, the MLD is seri-
ously overestimated by the NK model and underesti-
mated by the PWP model, as shown in Fig. 5 (Martin
1985; Kantha and Clayson 1994). The corresponding
overestimation and underestimation ofMLD from these
models have been widely reported (Gaspar 1988; Large
et al. 1994; D’Alessio et al. 1998; Qiu and Chen 2006). It
FIG. 4. Time series at the MLD (f5 558N, without LC; light color: u*5 0.01 m s21; dark color: u*5
0.02 m s21; blue:Q05 1.253 10
27 m2 s23; black:Q05 2.53 10
27 m2 s23; red:Q05 53 10
27 m2 s23).
The time corresponding top/f is marked by an arrow, and the dotted horizontal line represents n*5 0.17:
(a) n* and (b) Rig.
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is also important to notice that the NK model predicts
MLD properly under storm conditions with resonant forc-
ing but overestimates it under normal condition (Davis
et al. 1981b), a result consistent with the present analysis.
Davis et al. (1981b) showed thatm0 in (1) is necessary
in the NKmodel to avoid too shallowMLD and too high
sea surface temperatures (SST) under the surface heat-
ing, when the wind stress is weak. It is consistent with the
fact that neglecting the effects of wave breaking (WB)
and LC leads to too shallow MLD and too high SST
under the surface heating (Noh et al. 2009). Note that, if
velocity shear is negligible within the mixed layer, as
assumed in bulk models, the only contribution of wind
stress to turbulence generation comes through WB and
LC. It implies that the term with m0 in (1) represents
a contribution from these sources. However, many stud-
ies suggest that the effect of strongmixing byWB and LC
may be limited to the near-surface layer (Craig and
Banner 1994; Noh et al. 2004; Thorpe 2004). Accord-
ingly, their contribution should decrease with depth,
and the term 2m0u*
3 /h in (1) needs to be modified to
2m0u*
3ez/d/h with an appropriate depth scale d. The
contribution from the velocity shear induced by wind
forcing is represented by the term mswe(DU)
2/h.
4. Conclusions
In the present paper, the criteria for the deepening of
the convective mixed layer in the widely used mixed
layer models, such as the NK model, the PWP model,
and the KPPmodel, are examined by analyzing LES data.
It is found that the contribution fromwind stress decreases
with time as a result of inertial oscillation in the extra-
tropical ocean, contrary to the NKmodel, and it leads to
a rapid increase of the bulk and gradient Richardson
number at the MLD well above the critical values used
in the PWP model. Meanwhile, the critical Richardson
number in the KPP model turns out to be relevant.
The present analysis clarifies the problem associated
with too deep MLD predicted by the NKmodel and too
shallow MLD predicted by the PWP model in winter,
which has beenwidely reported (Martin 1985; Kantha and
Clayson 1994; Gaspar 1988; Large et al. 1994; D’Alessio
et al. 1998; Qiu and Chen 2006). A possible modification
of the NK model is suggested.
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